Abstract: Various physical and chemical characteristics of a water distribution system can provide favorable conditions for lead or copper leaching. This study applied geographic information systems (GIS) and a hydraulic model of distribution systems to test the influences of pipe material, pipe age, water age, and other water quality parameters on lead/copper leaching. This study was based on a study performed at North Carolina State University (NCSU) using spatial analysis and geostatistics analysis to test for lead leaching based on water age and the influence of other water quality parameters. Results of the study indicate that higher levels of first-draw lead concentrations most likely occur in buildings constructed between 1970 and 1986 with copper plumbing systems. A long water age to the building and high water temperature also likely contribute to lead leaching into the drinking water. Switching the disinfectant to free chlorine during the "burn out" period then back to chloramines appear not to accelerate lead leaching; however, lead leaching and chloramine decay appear to be correlated. The study is expected to provide utilities with an overview of using a spatial and temporal methodology to test the influences of hydraulic and water quality parameters on lead leaching in water distribution systems. With the methodology, utilities will be able to have a better understanding of the causative factors behind lead leaching in distribution systems and use their scarce resources to focus on high-probability areas for lead leaching. During this special study of lead and copper corrosion in the water distribution system, an assessment of water quality was performed based on the water treatment operation records and water chemistry at the same period when the lead and copper compliance data and the special lead and copper sampling took place. The study was to identify the relationship between water chemistry in the water treatment plant (WTP), and especially, the lead corrosion in the water distribution system. Although no strong correlation was found between raw water/finished water quality at the WTP and lead level in the water distribution system, the results implied that the dominant factors for the lead corrosion lay outside of the water treatment plant, such as from local plumbing materials and stagnant time in the plumbing system.
Introduction
Various physical characteristics of a water distribution system can provide favorable conditions for lead (Pb) or copper (Cu) leaching (Burlingame et al. 2006) . However, it is expected that the principal factors are the type of plumbing material, the age of plumbing system, the stagnation time of the water in plumbing system, and water main pipe material and water age. Lead or copper leaching in tap water are also likely associated with the water quality parameters in a distribution system, either through their direct reaction with leadbased piping materials or through the accumulative outcomes from the upstream water lines. The chemical conditions that may promote such leaching include factors such as low pH, the presence of oxidants, or the absence of adequate corrosion inhibitors in the water. A brief description of each factor is given below.
Pipe Material of Plumbing Systems
High lead concentrations found in water distribution systems have long been considered to be caused by the use of lead-based solder and lead-containing plumbing fixtures that would corrode and leach lead into the water due to poor workmanship. Lead can also enter the water in other ways: direct leaching from lead pipes; lead sediment in pipes and storage tanks; or particulates such as disintegrating brass or detaching pieces of old solder. In some cases, galvanized pipes can also be sources of lead, if lead is present as impurities in the zinc coatings (HDR Studies in Washington, DC, 2002 ; HDR/EES for US EPA 2007).
Higher copper concentrations are mostly produced from the copper pipes in the plumbing systems. Copper release into the tap water largely depends on the type of scale formed within the plumbing systems. The type of corrosion scale governs the release of copper into the water. The processes are also influenced by pH and other qualities of water.
Plumbing material is usually related to the installation year of a plumbing system, or the year of building construction. The year of building construction has been used to identify the existence of lead service water lines and lead-based plumbing fixtures. Buildings constructed prior to 1986, the year when lead pipe, lead-based fittings, and lead-based solder were banned nationally, more likely possess lead-containing pipe materials, the source for lead leaching (Lee et al. 1989 ).
Age of Plumbing Systems
The age of the plumbing systems with different pipe materials can have different impacts on lead and copper corrosion. For plumbing systems with lead solder and brass fittings, it is likely that lead concentrations at the tap decline with age (Schock 1989; Gardels and Thomas 1989) . The highest lead concentrations in the water probably appear in the first year following installation and level off after a number of years of service. Unlike lead-soldered joints and brass fittings, lead piping can continue to provide a consistently strong source of lead after many years of service.
Copper concentrations in water generally continue to decrease with the increasing age of plumbing materials (Lagos et al. 2001 ). However, if sulphate or phosphate is present in the water, they may at first decrease copper leaching by forming bronchantite and cupric phosphate, but in the long run cause higher than normal copper concentrations by preventing the formation of the more stable tenorite and malachite scales (Grace et al. 2012) .
Stagnation Time of Water in Plumbing Systems
The concentrations of lead and copper in drinking water can increase significantly following a period of water stagnation of a few hours in a plumbing system (Edwards and Abhijeet 2004) . Lead or copper pipes of small diameter, or service lines with various soldered joints and brass fittings, produce the greatest exposures of lead or copper, respectively, upon stagnation (Singley 1994) . Studies have shown that lead levels rapidly increase upon stagnation over the first several hours, but ultimately approach an equilibrium value after overnight stagnation (Singley 1994) . Copper behavior is more complex than lead behavior when it comes to the stagnation of the water. Copper levels will initially increase upon stagnation of the water, but can then decrease or continue to increase, depending on the oxidant levels.
Water Quality in Plumbing Systems
Lead or copper leaching is the result of the reactions between piping/plumbing materials and chemicals in tap water (Burlingame et al. 2006) . Therefore, water quality in plumbing systems also plays an essential role in the lead/copper corrosion in the water. The pH and alkalinity are the most influential properties of drinking water when it comes to corrosion and leaching of distribution system materials. Other water quality parameters of interest include calcium, chlorine/chloramine residual, chloride, sulphate, natural organic matter (NOM), and the concentrations of corrosion inhibitors such as phosphates and silicates.
The effect of pH on the solubility of corrosion by-products formed during the corrosion process is often the key to understanding the concentration of metals at the tap. The lead solubility of corrosion by-products in distribution systems decreases with increasing pH. Unlike lead pipes, contamination from leaded solders is largely controlled by galvanic corrosion. Increase in pH is associated with a decrease in galvanic corrosion of leaded solders.
pH can influence copper corrosion by altering the equilibrium potential of the oxygen reduction half-reaction and by changing the speciation of copper in solution. Copper corrosion increases rapidly as the pH drops below 6; in addition, uniform corrosion rates can be high when pH value is below 7, causing metal thinning. At pH value above 8, copper corrosion problems are almost always associated with non-uniform or pitting corrosion processes.
Water Age
Water age in distribution system refers to the traveling time of water after leaving the water treatment plant's clearwell and before entering the customer's plumbing system. Water age is a general indicator of water quality, with lower water age indicating better water quality.
Water age is influenced by flow in the distribution system, pipe diameters, and pipe lengths (Wang 2007) . Water age can be predicted from a hydraulic model or calculated using data from tracer studies (DiGiano et al. 2004; Westbrook and Francis 2009) . Water age analysis using hydraulic models has become a reliable surrogate for water quality evaluation. More and more studies are being conducted to evaluate water quality-related issues due to long water ages. These issues include disinfectant decay, disinfectants and disinfection byproducts, nitrification, and bacteria regrowth in water supply systems.
Disinfectant Residual
Disinfectant species (mainly free chlorine) can act as primary oxidants towards lead and thus increase lead corrosion. Water with free chlorine oxidizes lead to the insoluble lead dioxide deposits as the primary protective solid phase. Free chlorine can also become a dominant oxidant on the copper surface. Free chlorine residual has been shown to increase copper corrosion at lower pH. Conversely, free chlorine residual has been shown to decrease copper corrosion rate at pH 9.3. Free chlorine affects the equilibrium solubility of copper by stabilizing copper (II) solid phases, which results in a substantially higher level of copper release (Hong and Macauley 1998) .
Chloramines have been reported to influence lead in drinking water distribution systems. (Edwards and Abhijeet 2004) . Switching from free chlorine to chloramines for distribution system disinfection has been identified as a major cause of the observed lead problems in some water supply systems. Since chlorine is a powerful oxidant, the lead oxide scale, which forms over the years, reaches a dynamic equilibrium in the distribution system. Switching from chlorine to chloramines reduces the oxidizing potential of the distributed water and destabilizes the lead oxide scale. In addition, Pontius (2007) stated that conversion from chlorine to chloramines would lower the oxidation-reduction potential favoring Pb (II) scales, which are sensitive to pH. When Pb (II) is the dominant form scale, then lower pH would exacerbate lead corrosion. Also, with chloramines as the secondary disinfectant in water distribution systems, nitrification must be minimized through optimizing the chloramination process, otherwise nitrification would result in lower pH and increase lead leaching.
The diminished disinfectant residuals due to disinfectant decay (DiGiano et al. 2004 ) may increase corrosion in water distribution systems when the corrosion is related to microbial activity.
Temperature
No simple relationship exists between temperature and corrosion processes because temperature influences several water quality parameters, such as dissolved oxygen solubility, solution viscosity, diffusion rates, and activity coefficients, enthalpies of reactions, compound solubility, oxidation rates, and biological activities. These parameters, in turn, influence the corrosion rate, the properties of the scales formed and the leaching of materials into the distribution systems. While the corrosion reaction rate of lead and copper is expected to increase with temperature, the solubility of several corrosion by-products decreases with increasing temperature. Water in highly thermally conductive pipe materials, such as copper, will equilibrate within hours to the temperature of their surroundings. Therefore, the actual temperature of the water sampled at the tap will not necessarily correlate with the temperature measured in the source water, or in the distribution mains.
Water Chemistry at Water Treatment Plant
A separate study was conducted to identify the relationship between water chemistry in the water treatment plant (WTP), and especially, the lead corrosion in the water distribution system (Wang et al. 2010) . In this study of evaluating the water chemistry of the WTP relative to corrosion control treatment (CCT), factors that may affect the CCT included raw water quality, coagulation, disinfection, pH adjustment and corrosion inhibition. Three years (January 1, 2006 to November 30, 2008 of the WTP's monthly reports were reviewed, including daily data for turbidity, color, pH, carbon dioxide, alkalinity, and TOC; hardness of raw and finished water; manganese (Mn), iron (Fe), fluoride, and chlorine concentrations; and the weekly data for chloride, nitrate, and silicate concentrations. The water distribution system's lead and copper data was comprised of the city's lead and copper compliance data (April 2006 to November 2007 , and the special study data collected during this project (June 2008 to August 2008 . Although no strong correlation was found between raw water/finished water quality at the WTP and lead level in the water distribution system, the results implied that the dominant factors for the lead corrosion lay outside of the water treatment plant, such as from local plumbing materials and stagnant time in the plumbing system. The review of plant records of chemical applications and lead concentration in the water distribution system, however, did reveal that a certain correlation was evident between lead levels and the corrosion inhibitor concentration. A silica based corrosion inhibitor is applied to the finished water. Fig. 1 indicates that higher lead levels occurring in the water distribution system correlated to a lower silicate (corrosion inhibitor) concentration in the plant finished water.
Data Collection
This study relied on the use of statistical and geostatistical analyses to develop correlations between lead and copper corrosion and potential deterministic factors in the distribution system of the City of Raleigh, North Carolina. The analyses were assisted with the geographic information systems (GIS) and the hydraulic model of Raleigh's distribution system.
The initial phase of this study was to collect data related to lead and copper corrosion in Raleigh's water distribution system. The information and data include distribution system water quality data (pH, disinfectant type and residual), the characteristics of the water distribution system infrastructure (pipe age, material of construction), and the characteristics of the service area of the City of Raleigh Public Utilities Department (CORPUD) (age of buildings, service types).
After data collection was completed, a geocoding protocol was developed to generate geodatabases related to the corrosion control treatment (CCT) study. The geodatabases were then applied in geostatistical or spatial analyses, which involved superimposing geocoded lead and copper monitoring data with other spatial data, to test the hypothesis about the influences of pipe material, pipe age, water age and other water quality parameters on lead/copper leaching in Raleigh's distribution system.
The City of Raleigh operated two water treatment plants during the study period: the E.M. Johnson Water Treatment Plant and G.G. Hill Water Treatment Plant. E.M. Johnson WTP is located in northern Raleigh with a nominal production capacity of 86 mgd. G.G. Hill Water Treatment Plant became Raleigh's second water plant after Wake Forest was merged into Raleigh's system in October 2005. As the G.G. Hill WTP permanently stopped producing water during the period of this study, therefore, the process chemistries were reviewed for only the E.M. Johnson WTP with respect to corrosion impacts.
Ozonated raw water is piped to two single-stage rapid mix basins with vertical mixers. Ferric sulfate solution is introduced by injectors into the pipeline immediately upstream from the rapid mix basins or by vacuum induction (Water Champ) directly into submersible mixers located inside the rapid mix tanks. Mixed water discharges into a common flocculation distribution channel that distributes flow to the five flocculation/sedimentation trains.
Flocculation is provided in a two-stage flocculation process. Each of the five flocculation basins directs flow into the associated sedimentation basin. Settled water flows over a weir at the far end of the sedimentation basin and settled solids are collected in influent end of the sedimentation basin.
The major chemical involved in the coagulation process is ferric sulfate, the primary coagulant used in E.M. Johnson WTP. It is stored and fed as a liquid with a concentration of approximately 14% as iron (46% as ferric sulfate). Ferric sulfate is currently fed to two application points just upstream of the East and West Rapid Mix Basins. Surface water after ferric sulfate coagulation usually has low NOM, low alkalinity, and high sulfates. Water with such characteristics may cause elevated iron release. Low NOM also affects copper corrosion. NOM can inhibit copper corrosion under certain conditions. If treatment processes lower NOM levels, the copper leaching could be accelerated.
Settled water flows from the sedimentation basin collection channel to the plant's intermediate ozone facility, where ozone was intended to be introduced to the settled water by a fine bubble diffuser system. Ozonated settled water flows to the filter influent channel, where it is distributed to the plant's filters.
Eleven two-cell dual media (sand and anthracite) filters provide filtration. An air scouring backwash system has been installed in eleven filters. An air blower and a backwash pump provide backwash air and water for the air/water filter backwash process.
The plant's two clearwells provide contact time for free chlorine disinfection and for in-plant storage upstream from the finished water pumping facilities. Ammonia and caustic are added to finished water downstream from the two clearwells to produce chloramines, which serve as a secondary disinfectant in the city's water distribution system. The E.M. Johnson WTP can feed the following chemicals for use in the water treatment process: potassium permanganate, powdered activated carbon, ozone, liquid oxygen, hydrogen peroxide, ferric sulfate, coagulant-aid polymer, sodium hydroxide, lime, sodium hypochlorite, filter-aid polymer, sodium silicate, hydrofluorosilicic acid, and anhydrous ammonia.
More detailed descriptions of data sets collected for this study are given below:
Lead and Copper Data
The lead and copper data include both the lead and copper compliance data (April 2006 to November 2007 The data collection includes first-draw samples (no preflushing) and some second-draw samples (after 5 to 10 min of flushing) for lead and copper, collection date and time, street address of the building, as well as plumbing system age and plumbing material. However, water use information for each site was collected. The City of Raleigh has no sites with full or partial lead service lines or lead pig-tails. The geocoded lead and copper compliance data are illustrated in Fig. 2 .
The special study data contain 128 samples from 53 sampling sites. Sampling sites include community parks, recreation centers, fire stations, day cares and public utility buildings. Samples collected in June were from 42 sites; samples collected in July were from 36 sites; samples collected in August were from 38 sites. Data collection includes location code (Messier et al. 2012 ) and name, street address, collection date and time, first draw samples and second draw samples (after 5 to 10 min of flushing) for lead, copper, iron, pH, temperature and chlorine residual. The geocoded 53 sampling sites for the special study are illustrated in Fig. 3 . Samples with lead level below 0.0003 mg=L detection limit were treated as 0.00015 mg=L in this study.
Water Age
The hydraulic model of Raleigh's water distribution system was used to predict the water age at different locations in the distribution system. The model was originally built for the city's Initial Distribution System Evaluation and its master plan update. The model runs extended-period simulations (EPS) for water age evaluations.
To complete this task, the model was set up with the normal operation condition in 2007, when the most of lead and copper samples in this study were collected. The simulation assumed the average day demand of 49 mgd for the Raleigh system. The water age simulation module of the distribution system model calculated the water ages in the distribution system with an extended-period simulation of 960 h (40 days), to achieve water age equilibrium at the local area. Because the model's water age predictions are meaningful only after equilibrium is established, Fig. 2. (Color) 2006-2007 LCR compliance data in Raleigh water distribution system the model output for the final 24 h of simulation was used to represent the average water age. Fig. 4 illustrates the model-predicted water age at the different locations in Raleigh's distribution system. The flow-weighted average water age in Raleigh distribution system is 32 h.
The water consumption data for individual customer were not collected during the study but are available from the billing records. However, the influence of water consumption pattern on lead and copper was limited to the water age analysis.
Age of Plumbing Systems
No accurate records about the age of the plumbing systems for CORPUD customers are available. In this study, the age of plumbing system was assumed the same as the building age, which resides in the attribute table of the Wake County parcel GIS shapefile. To focus on the CORPUD service area, the parcel data was spatially joined to Raleigh's 163,324 service connections. Fig. 5 illustrates the distribution of the age of the buildings/plumbing systems in CORPUD's service area.
Stagnation Time of Water in Plumbing Systems
The stagnation time of water in a plumbing system is difficult to predict because the current Raleigh distribution system model is not developed to include the plumbing system of every customer in the CORPUD service area. No lead pipe was recorded in Raleigh's distribution system.
Geostatistical Analyses
Geostatistical analyses were conducted to identify the causative factors that help predict the potential lead and copper leaching locations within CORPUD's service area. The factors analyzed in this study include plumbing material, stagnation time, plumbing system age, distribution system pipe material, and water age.
Correlation between Lead and Copper Corrosion and Plumbing System Pipe Material
While the system-wide data about each individual water customer's plumbing system materials were not available at the time of this investigation, the LCR compliance data collected between 2006 and 2007, and the 2008 special study data both contained information regarding the plumbing system material for each sample collected.
The analyses sorted the samples into four groups: copper, other metal, PVC, and unknown, based on the description of the plumbing material of each sample. The first-draw lead and copper concentrations were used to quantify the significance of lead/ copper leaching for each sample. Table 1 summarizes the influence of plumbing system material on the first-draw lead concentration. The data reveal that the PVC plumbing pipes link to the lowest lead concentrations, while the copper plumbing systems were 2.7 times more likely to have a detectable first-draw lead sample than plastic pipes. The plumbing systems with other metal materials had lower lead leaching potential than copper plumbing systems, but higher potential than PVC plumbing systems. Table 2 summarizes the same analyses for the first-draw copper data. Similar to the lead samples, the data show that the copper plumbing systems were 2.7 times more likely to have a first-draw sample with a copper level above 0.1 mg=L than plastic pipes. Plumbing systems with other metal materials had slightly lower copper leaching potential than copper pipes, and much higher potential than plastic pipes.
Similar conclusions can be drawn from the analysis based on data collected in the special study, as summarized in Tables 3  and 4 . The results indicate that plumbing materials can impose a significant influence on lead and copper concentrations in the first-draw samples. The copper or other metal pipe materials were 2 to 3 times more likely to have high first-draw lead and copper levels at the customer's taps. Because both 2006-2007 sampling and the 2008 special study showed that the "other metal" recorded had higher first-draw lead and copper concentrations than PVC pipes, additional evaluation on these "other metal" pipe materials should be conducted to identify the metal in this category that would contribute to the first-draw lead and copper concentrations. The analyses also included the category of the unknown plumbing materials, which had shown very high first-draw lead and copper potentials. Thus, it is likely these piping materials are either copper or the other metal, which would contribute to the first-draw lead and copper concentrations.
Correlation between Lead/Copper Concentration and Stagnation Time
The stagnation time of water within each customer's plumbing system is difficult to measure. Water may reside in a plumbing system for 6 to 8 h before the first draw of water in the morning. The influence of the stagnation of water can be reflected by the ratio of the different lead and copper levels in the first-draw samples and in the second-draw samples. The ratio is referred as "climbing ratio" in this study, which is defined as the ratio of lead and copper levels in the first-draw samples and in the second-draw samples. In general, the first-draw sample generates a relatively higher lead/copper level than the second-draw sample, resulting in a climbing ratio above 1.0. However, there are also several cases of lower lead or copper levels in the first-draw samples from the compliance data. A high climbing ratio implies a higher potential for lead or copper leaching in a plumbing system due to a higher initial concentration of the contaminants, equivalent to a higher "first-draw" concentration.
The analyses of water stagnation were first conducted for the compliance data. Among the 1,233 compliance records between 2006 and 2007, 334 records have both first-draw and second-draw lead data. The average lead climbing ratio is 1.45, with a maximum of 14 and a minimum of 0.07. Among 334 samples, three samples had lead climbing ratio below 1.0. For the copper level, 332 records have both first-draw and second-draw copper data. The average copper climbing ratio is 2.0, with a maximum of 9.4 and a minimum of 0.25. Among 332 samples, 14 samples had copper climbing ration below 1.0. Table 5 calculates the average lead and copper climbing ratios by category of plumbing system pipe materials. For lead, the plumbing systems with copper material generated the highest climbing ratio. The PVC plumbing systems and other metal plumbing systems resulted in relatively low ratios. Copper and other metal plumbing systems have relatively higher climbing ratios than PVC systems. Table 6 calculates the average lead and copper climbing ratios by the month of the sample being collected. For lead, summer months clearly show higher lead leaching potential as water stagnates in the plumbing systems, with the highest lead climbing ratio of 6.0 in the month of August. For copper, the seasonal trend is not as obvious as for lead. The copper climbing ratio remains relatively constant throughout each month of the year, with the highest ratio of 4.48 occurring in February.
The analyses for the special data show that for a total of 128 samples, the average lead climbing ratio is 17.1, with a maximum of 700 and a minimum of 0.36. The average copper climbing ratio is 7.3, with a maximum of 130 and a minimum of 0.82. Both the lead and copper average climbing ratios are significantly higher than average ratios based on the compliance data. Table 7 calculates the average lead and copper climbing ratios by the age of the plumbing systems from which the samples were collected in the special study. Except the samples with no records of age of plumbing system, samples collected from the plumbing systems installed in the 1970s show the highest lead and copper ratios. Additional investigation revealed the high ratios found in "1970-1979" and "No records" categories were skewed by one sample with extremely high first draw lead and copper levels. With no confirmed information regarding the measurement error of the sample, the extreme data was still included in the analysis.
Correlation between Lead/Copper Concentrations and Water Age
To evaluate the correlation between lead/copper levels and water age, the first-draw lead concentrations of the LCR compliance data collected in 2006-2007 were superimposed on the water age map of Raleigh's distribution system, as shown in Fig. 6 . The map illustrates that most of the compliance samples fell into the area with water ages in the range of 1 to 3 days. The distribution of the samples with high first-draw lead concentrations do not demonstrate a clear trend of more high lead samples with longer water ages. Similar to the lead samples, the distribution of the samples with the high first-draw copper concentrations does not demonstrate a clear trend of higher copper samples with longer water ages. The same conclusion was drawn with the special corrosion study samples.
To further evaluate the correlations between lead/copper corrosion and water age, the compliance data with the X and Y North Carolina state plane coordinates were spatially joined to the pipe junction nodes in Raleigh's distribution system model. The spatial join then provided each sampling site with an attribute of water age. Table 8 calculates the average first-draw lead and copper concentrations of the sample groups with different range of water ages. For the first-draw lead data, the trend of higher lead levels with longer water age is obvious, except for the water age group of 72 h and above. For the first-draw copper data, such a trend could not be seen. The table also shows that water age has no influence on the either second-draw lead levels or the second-draw copper levels. Table 9 calculates the likelihood of high first-draw lead or copper levels for each group of samples in the different water age ranges. A positive relationship can be observed for lead data but not copper data. Although water age can be a potentially critical factor influencing water quality in Raleigh's distribution system, it did not show a strong correlation with lead and copper levels in tap water. The weak relationship may be partially contributed to the large water age variation during the day. To evaluate the correlation between lead/copper concentrations and age of plumbing systems (building age), the first-draw lead concentrations of the LCR compliance data collected between 2006 and 2007 were superimposed on the building age map of the CORPUD service area. Table 10 lists the percentage of LCR samples with detectable first-draw lead levels by the age of the plumbing systems. The LCR requires water systems to collect samples at locations that may be particularly susceptible to high lead or copper concentrations, prioritized by a tiering system. The City's sampling sites are categorized as Tier 1 structures that contain copper pipes with lead solder installed after 1982, contain lead pipes, or are served by a lead service line. Because the majority of the compliance samples were collected from buildings with a narrow range of construction years, i.e., 1983 and 1986, it is difficult to establish a correlation between lead and copper corrosion and building age. The data from the special corrosion study provide a better distribution of building age for the samples. Table 11 summarizes the first-draw lead concentrations in the different groups of the plumbing system age. The group of samples with plumbing installation year between 1970 and 1979 has the highest average first-draw lead concentration, as well as the highest percentage of samples with detectable lead concentrations. Table 12 shows the same analysis for copper data. Except the group of 1940-1949, which has only two samples, the group of samples with plumbing installation year between 1970 and 1979 has the highest average first-draw lead concentration, as well as the highest percentage of samples with high copper concentrations.
Correlation between Lead/Copper Concentrations and Chloramine Residual
Since only the data from the special corrosion study contained the chloramine residual measurements with the corresponding firstdraw and second-draw lead and copper concentrations, they were used to evaluate the correlation between lead/copper concentrations and chloramine residual.
The samples from the special corrosion study were divided into three groups based on the range of the chloramine residual. Table 13 calculates the percentage of the number of elevated first-draw lead samples and first-draw copper samples among the total samples collected. The results show the samples with low chloramine residuals (<2.0 m=L) have higher likelihood of leaching lead and copper contaminants into water. Low chloramine residual in the samples may associate with the long stagnation time of water in the plumbing system, which is positively correlated to the lead and copper leaching, as discussed in the stagnation time section above. Lower chloramines levels also occur where there is an oxidant demand that may relate to increased corrosion, such as from the presence of microbial activity or corroding galvanized iron pipe. Another interesting point for the analysis related to chloramine residual was to determine if the annual disinfectant switch from chloramines to free chlorine for nitrification control had an adverse impact on lead/copper corrosion control. To conduct the test, firstdraw lead samples in and around March, the month of switching to free chlorine disinfection, would be required. The compliance data between April 2006 and November 2007 provided the desirable data. Table 14 summarizes the likelihood of elevated first-draw lead sample in each month. It was expected that the samples collected in April, when the system switched from free chlorine back to chloramine, would have a high likelihood of generating elevated lead concentration. However, the results revealed a lower than average percentage of high lead samples.
Future Condition Analysis
The results of the geostatistical analyses were applied to target the areas in Raleigh's distribution system that have the potential for lead and copper leaching, so that effective corrective actions can be established. Future condition analysis involved analysis based on proposed changes in water quality conditions resulting from changed water supply sources, changed water chemistry at the water treatment plant and changed service area characteristics. The analyses attempted to identify potential "hot spots" in the water distribution system using the results from the geostatistical analyses. The service connections with high lead and copper potential (building built between 1970 and 1986, with copper plumbing systems, with water age above 48 h) are illustrated in Fig. 7 . The predictions were based on the new hydraulic conditions of Raleigh water distribution system after the new D.E. Benton Water Treatment Plant was placed in service in 2010.
Conclusions
The analyses summarized in this paper reveal that building/residence plumbing systems impose the highest influence on lead/copper leaching into water distributed to CORPUD customers. The higher levels of first-draw lead and copper among Tier 1 LCR sites most likely occur in buildings constructed between 1970 and 1986. A long water age to the building and high water temperature also likely contribute to the lead leaching into the drinking water.
The results indicate that switching the disinfectant to free chlorine during the "burn out" period then back to chloramines does not accelerate lead leaching. The analysis also indicates that lead leaching and chloramine decay are likely correlated. The study on water chemistry in the water treatment plant revealed that certain a correlation was evident between lead levels and corrosion inhibitor concentration.
By integrating GIS, and GIS-assisted water quality modeling, spatial data analysis, and statistics, CORPUD will be able to use their increasingly scarce resources to concentrate on targeted areas to identify potential lead leaching problem sites rather than random selections of sampling sites among the pre-1986 parcels, and modify operations to alleviate the problems. To further investigate the causative factors for lead and copper corrosion, more lead and copper sampling data may be required. The high percentage of collected samples with lead and copper levels under the detection limit increased the difficulty for statistical analysis. Improvements in the analytical technique and testing methods for more accurate measurements and lower detection limits will enhance the analyses in this study. Water quality simulations should be coordinated with lead sampling so that the lead levels and water ages can be tested for correlations not only spatially but also temporally.
